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Evidence from human studies and mouse models shows that infection with parasitic helminths has a suppressive effect on the
pathogenesis of some inflammatory diseases. Recently, we and others have shown that some of the suppressive effects of hook-
worms reside in their excretory/secretory (ES) products. Here, we demonstrate that ES products of the hookworm Ancylostoma
caninum (AcES) suppress intestinal pathology in a model of chemically induced colitis. This suppression was associated with
potent induction of a type 2 cytokine response characterized by coexpression of interleukin-4 (IL-4) and IL-10 by CD4� T cells,
downregulation of proinflammatory cytokine expression in the draining lymph nodes and the colon, and recruitment of alterna-
tively activated (M2) macrophages and eosinophils to the site of ES administration. Protease digestion and heat denaturation of
AcES resulted in impaired induction of CD4� IL-4� IL-10� cell responses and diminished ability to suppress colitis, indicating
that protein component(s) are responsible for some of the immunosuppressive effects of AcES. Identification of the specific par-
asite-derived molecules responsible for reducing pathology during chemically induced colitis could lead to the development of
novel therapeutics for the treatment of human inflammatory bowel disease.

The existence of parasitic helminths predates that of humans
(1), and it is believed that some parasite-host interactions,

such as those of gastrointestinal helminths and their vertebrate
hosts, have developed in such a way that benefits both the parasite
and the host. This phenomenon is embodied by the “hygiene hy-
pothesis,” which suggests that the elimination of pathogens such
as helminths from people living in the developed world has pre-
disposed the immune system to respond inappropriately to self
and otherwise innocuous environmental antigens, culminating in
increased incidences of allergic and autoimmune diseases (2).

Inflammatory bowel disease (IBD) is a term used to describe
two chronic inflammatory diseases, ulcerative colitis (UC) and
Crohn’s disease (CD). IBD is characterized by a dysregulation of
the mucosal immune response to intestinal bacteria, resulting in
chronic inflammation of the gastrointestinal tract, pain, diarrhea,
and vomiting (3). At present, treatment methods range from life-
long use of immunomodulatory drugs (e.g., corticosteroids) to
surgery; however, therapies involving deliberate human infection
with helminths have been proposed as an alternative treatment
method for these chronic diseases. Multiple clinical trials in hu-
mans have demonstrated that exposure to gastrointestinal para-
sites can significantly reduce the severity of intestinal inflamma-
tion in humans with UC (4) and CD (5). These clinical trials
utilized the pig whipworm Trichuris suis, where infection is short-
lived in humans and requires repeated administration of larvae to
maintain the infection (6). Recent clinical trials performed by our
laboratory have focused on the potential use for helminths that
persist within the intestine, such as the hookworm Necator ameri-
canus, to alleviate intestinal inflammation associated with celiac
disease (5, 11, 21). This hookworm-based therapy resulted in the
suppression of proinflammatory anti-gliadin immune responses

(21) and the induction of systemic and mucosal type 2 cytokine
responses (7), although overt suppression of clinical disease was
not observed (8). Although the potential benefits of parasite-de-
rived therapies for IBD and other autoimmune diseases are appar-
ent, the safety of such approaches has been questioned (9, 10), and
a “fear factor” reaction by the public, as well as logistical concerns
for scale-up, may preclude their widespread use.

The mechanism of parasite-mediated suppression of inflam-
matory immune responses has been investigated in a number of
mouse models of disease, with roles described for cross-regulation
of inflammatory Th1 responses by parasite-derived Th2 responses
(11), regulatory T cells (12–14), and suppressive macrophages
(15, 16). Helminths secrete proteins that modulate and/or skew
immune responses (17, 18), suggesting that “helminth therapy”
for autoimmunity could take the form of soluble molecules de-
rived from helminths rather than an active infection (19).

Here we show that the administration of Ancylostoma caninum
excretory/secretory products (AcES) limits intestinal pathology
and proinflammatory cytokine expression during dextran sodium
sulfate (DSS)-induced colitis. Injection of AcES in mice induces a
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robust antigen-specific type 2 cytokine response, including the
emergence of a distinct CD4� T cell population that coexpresses
IL-4 and IL-10 and the recruitment of macrophages and eosino-
phils to the site of injection. Denaturation of AcES resulted in a
loss in the protective effect during colitis, suggesting that the im-
munomodulatory properties of AcES are at least partly due to a
protein constituent.

MATERIALS AND METHODS
Production of A. caninum ES. A. caninum adult worms were cultured in
serum free medium containing 100 U of penicillin/�l and 100 �g of strep-
tomycin/ml (pen/strep) for 24 h. The supernatant (AcES) was collected,
filter sterilized through a 0.22-�m-pore-size filter (Pall), and concen-
trated and buffer exchanged to phosphate-buffered saline (PBS) using a
10-kDa spin column (Pall). Removal of lipopolysaccharide from AcES
and ovalbumin (OVA; Sigma) was then performed using one of two
methods, Endotrap Blue (Hyglos) according to the manufacturer’s in-
structions or Triton X-114 (Sigma) as previously described (20) with
some minor changes. Briefly, AcES was incubated with 5% Triton X-114
at 4°C on a rotating wheel for 30 min, followed by heating to 37°C for 10
min and centrifugation at 1,600 � g for 15 min at room temperature. The
upper endotoxin-depleted phase was collected, and the process was re-
peated twice to ensure thorough removal of endotoxin. A Limulus
amebocyte lysate (Lonza) assay was used to ascertain the adequate re-
moval of endotoxin, and the protein concentration was calculated by us-
ing a micro-BCA protein assay kit (Pierce). Some experiments used boiled
and trypsinized AcES (bES) as a control. Briefly, AcES was digested with 1
�g of trypsin (Sigma)/ml at 37°C for 24 h, followed by boiling at 95°C for
15 min to denature both trypsin and the AcES protein constituents.

Mice. Female 6- to 10-week-old C57BL/6 mice were purchased from
the Animal Resources Centre (Perth, Australia) and were housed accord-
ing to Australian animal rights and regulations standards. Mice received
food and water ad libitum. All injections were administered via the intra-
peritoneal (i.p.) route without adjuvant. In some experiments, mice re-
ceived i.p. injections of PBS or 1 to 25 �g of AcES, bES, or OVA at various
time points as indicated in the text. All procedures involving mice were
approved by the James Cook University Animal Ethics Committee.

DSS-induced colitis. A 3.5% (wt/vol) solution of dextran sodium sul-
fate (DSS; 36,000 to 50,000 molecular weight; MP Biomedicals) was ad-
ministered to mice as a substitute for normal drinking water. The mice
were weighed and scored daily to assess disease progression based on a
modified scoring system (21). Mice were scored on weight (percent
change; 0 to 4), the level of fecal consistency (0 to 4), rectal bleeding (0 to
2), and general appearance (0 to 3) for a daily score out of a total of 13.

Histopathology. Upon termination of the experiment the mouse co-
lons were given a macroscopic score for severity of adhesion (0 to 3),
ulceration (0 to 3), wall thickening (0 to 3), and edema (0 to 3) for a total
possible score of 12 as previously described (22). A small piece of the
proximal colon was fixed in 4% formaldehyde for histological processing.
Cross-sections of the colons were stained with hematoxylin and eosin
(H&E) for microscopic visualization of inflammation. Histological scor-
ing of the cross-sections was performed in a blinded fashion using a mod-
ified scoring system (23). Colon cross-sections were assessed for number
of ulcers (no ulcers � 0, 1 ulcer � 1, 2 ulcers � 2, 3 ulcers � 3, and �3
ulcers � 4). Each ulcer was �200 �m in length; where ulceration was
bigger than this, scoring was performed in 200-�m intervals. Epithelium
integrity was scored follows: 0 � normal morphology, 1 � loss of goblet
cells in 1 area, 2 � loss of goblet cells in more than one area, 3 � loss of
crypts in 1 area, and 4 � loss of crypts in more than one area. Cellular
infiltrate was scored as follows: 0 � no infiltrate, 1 � infiltrate around
crypt bases, 2 � infiltrate reaching to muscularis mucosae, 3 � extensive
infiltration reaching the muscularis, and 4 � infiltration of the submucosa
with edema. Finally, lymphoid follicles were scored as none � 0, 1 � 1,
2 � 2, 3 � 3, �3 � 4. Together, these criteria could achieve a total possible
score of 16.

Cell preparation and cytokine analysis. Peritoneal cells were col-
lected by washing the peritoneal cavity with 10 ml of ice-cold complete
medium (RPMI 1640 plus 10% heat-inactivated fetal calf serum, 100 U of
penicillin/ml, 100 �g of streptomycin/ml, and 2 mM L-glutamine; Invit-
rogen). Splenocyte restimulations and cytokine assays were performed as
previously described (24). Briefly, spleens were macerated through 70-
�m-pore-size nylon filters (BD Biosciences), and red blood cells were
lysed using red blood cell lysis buffer (Sigma). Splenocytes were cultured
in triplicate in flat-bottom 96-well plates (106 cells/well) either in medium
alone or in medium supplemented with AcES (10 �g/ml), OVA (10 �g/
ml), or anti-CD3 (1 �g/ml) for 72 h at 37°C and 5% CO2. Colon lysates
were produced by flushing colons with PBS and placing a small piece of
known weight into 1 ml of PBS and lysing on a TissueLyser (Qiagen) with
the use of a metal bead. Cell-free supernatants were removed and concen-
trations of IL-4, IL-5, IL-10, gamma interferon (IFN-�), IL-17A, and tu-
mor necrosis factor alpha (TNF-�) were measured by using a sandwich
enzyme-linked immunosorbent assay (ELISA; OptEIA kits; BD Biosci-
ences).

Flow cytometry. Peritoneal cells were stained for CD11c-FITC (clone
HL3), SIGLEC-F-PE (clone E50-2440) (BD Biosciences), and F4/80-APC
(clone BM8; Caltag/Invitrogen), acquired on a FACSCanto flow cytome-
ter (BD Biosciences), and analyzed using FlowJo software (TreeStar). In-
tracellular cytokine stains were performed on spleen and lymph node
cells. Prior to staining, the cells were cultured for 4 h at 37°C and 5% CO2

in complete medium containing phorbol myristate acetate (500 ng/ml),
ionomycin (1 �g/ml), and brefeldin A (10 �g/ml). The cells were stained
for CD4-FITC (clone RM4-5; BD Biosciences) and then permeabilized
with Fix/Perm buffer (BD Biosciences) and stained for IL-4-PE (clone
11B11; BD Biosciences), IL-10-APC (clone JES5-16E3; eBioscience), and
IFN-�-eF450 (clone XMG1.2; eBioscience).

RNA extraction and real-time PCR. For peritoneal cells, 106 cells were
pelleted by centrifugation and resuspended in 1 ml of TRIzol (Invitrogen).
Similarly, a small 0.5-cm piece of colon was washed in PBS, placed in 1 ml
of TRIzol, and macerated on a TissueLyser (Qiagen) for 10 min with the
use of a metal bead. Total RNA extraction was performed by phenol-
chloroform separation according to the manufacturer’s instructions. Af-
ter treatment of RNA with RQ1 DNase (Promega), first-strand cDNA was
produced with random hexamers (Invitrogen) from 0.5 to 1 �g of total
RNA by using SuperScript III reverse transcriptase (Invitrogen) according
to the manufacturer’s instructions. The levels of transcription were mea-
sured by comparing cross-threshold values to a standard curve made of a
pool of all samples. Samples were tested in dilutions of up to 1:600 using
SYBR green (Applied Biosystems/Qiagen). A Rotor Gene 6000 (Qiagen)
was used for real-time thermal cycling. Melting-curve analysis was used to
confirm that a single product had been amplified. All genes were normal-
ized for levels of transcription relative to the housekeeping gene 	-actin.
All primers were purchased from Sigma-Aldrich and were diluted to a 10
�M final concentration. The primers used were as follows: 	-actin, sense
(TGGAATCCTGTGGCATCCATGAAAC) and antisense (TAAAACGCA
GCTCAGTAACAGTCCG); Fizz-1, sense (GTCCTGGAACCTTTCCT
GAG) and antisense (AGCTGGATTGGCAAGAAGTT); Ym1, sense (CT
GAGAAGCTCATTGTGGGA) and antisense (CTCAGTGGCTCCTTCA
TTCA); Arg-1, sense (CAGAAGAATGGAAGAGTCAG) and antisense (C
AGATATGCAGGGAGTCACC); NOS-2, sense (ACCTTGTTCAGCTAC
GCCTT) and antisense (CATTCCCAAATGTGCTTGTC); IL-6, sense (C
CGGAGAGGAGACTTCACAG) and antisense (TCCACGATTTCCCAG
AGAAC); IL-17A, sense (CCTCCAGAATGTGAAGGTCA) and antisense
(CTATCAGGGTCTTCATTGCG); and IFN-�, sense (AGCTCTTCCTC
ATGGCTGTT) and antisense (TTTGCCAGTTCCTCCAGATA).

Statistical analyses. All data were analyzed with GraphPad (version 5;
Prism). When three or more groups were compared, one-way analysis of
variance (ANOVA) was used with a Bonferroni post-test with a 95% con-
fidence interval to compare all columns. When the effect of a treatment
over time was compared for different treatment groups, two-way ANOVA
was used with a Bonferroni post-test to compare replicate means over
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time. P values of 
0.05 were considered significant. When only two
groups were compared, a Mann-Whitney test was used. All results stated
in the text are means � the standard errors of the mean (SEM). None of
the figures presented here are pooled from multiple runs, and all data are
representative of at least three repeat experiments.

RESULTS
AcES products protect mice from DSS-induced colitis. Ingestion
of DSS via the drinking water by mice injected i.p. with vehicle
(PBS) or a control protein (OVA) caused rapid weight loss begin-
ning at day 5 posttreatment compared to mice receiving normal
drinking water (Fig. 1A). In contrast, i.p. administration of AcES
protected against DSS-mediated weight loss (Fig. 1A). Upon eu-
thanasia, the colons were scored for pathology on a macroscopic
level (Fig. 1B), and H&E-stained tissue sections scored at a micro-
scopic level (Fig. 1C), showing that AcES-treated mice had signif-
icantly lower colon pathology than control mice. Representative
transverse sections of the colons demonstrate that mice receiving
DSS and either PBS or OVA control treatments had increased
cellular infiltrate and edema in the submucosa, whereas mice that
had been treated with AcES had markedly less infiltrate and swell-
ing (Fig. 1D).

AcES reduces levels of proinflammatory cytokines associated
with pathology in the draining lymph nodes and the colon. We
next addressed the impact of AcES administration on the expres-
sion levels of proinflammatory cytokines associated with DSS-
induced pathology. Mice received 3.5% DSS in their drinking wa-
ter for 8 days and received either a vehicle injection of PBS or 1, 10,
or 25 �g of AcES daily i.p. Mesenteric lymph node (MLN) and
spleen cells were polyclonally stimulated with anti-CD3 in vitro,
and cytokine production was measured by ELISA. The results
showed a dose-dependent suppression of IFN-� and IL-17A ex-
pression by MLN cells (Fig. 2A) and splenocytes (data not shown).

We next compared the levels of gene expression at the site of
inflammation, the colon, in mice treated with either vehicle or 25
�g of AcES. Critically, expression of the proinflammatory media-
tors iNOS, IL-6, and IL-17A was significantly reduced by AcES
treatment (Fig. 2B), and the levels of IFN-� tended to be lower but
did not reach statistical significance (P � 0.0585). In contrast, IL-4
and IL-10 protein levels in the colon were increased in AcES-
treated mice compared to control-treated mice (Fig. 2C). To-
gether, these data indicate that AcES causes downregulation of
proinflammatory type 1/type 17 responses potentially by inducing
a bias toward a type 2 or regulatory cytokine.

AcES products induce a biased Th2 cytokine response in the
absence of any adjuvant or live infection. To further investigate
the induction of a type 2 cytokine response in mice receiving
AcES, mice were injected with either PBS alone or 10 �g of AcES
every 2 days for a total of 2 weeks in the absence of any other
stimulus. A 10-�g dose was chosen as pilot studies had indicated
that 10 �g produced a similar Th2 response as a 25-�g dose in the
absence of DSS. Analysis of intracellular cytokine staining in peri-
toneal lavage cells demonstrated that injection of AcES into mice
caused significantly reduced frequencies of CD4� T cells that ex-
pressed IFN-� (Fig. 3A) and significantly increased frequencies of
CD4� T cells expressing IL-4 and IL-10, including a prominent
population expressing both of these cytokines (Fig. 3B). AcES in-
jection also induced populations of IL-4/IL-10 double-positive
CD4 T cells in the spleen and MLN (data not shown). Significant
increases in AcES-specific IL-4, IL-5, and IL-10 production by

FIG 1 AcES protects mice from DSS induced colitis. Mice received 3.5% DSS
in drinking water to induce colitis; test groups received 25 �g of AcES or OVA
i.p. every day. (A) Weight loss graph, showing the percentages of mean weight
lost compared to day 0. (B) Colons from mice were removed and assessed for
levels of macroscopic inflammation based on adhesion, ulceration, edema, and
wall thickening for a total possible score of 12. (C) Histology sections were
assessed for levels of inflammation based on ulceration, epithelial integrity,
lymphoid follicles, and cellular infiltrate for a total possible score of 16. (D)
Representative transverse sections (�20 magnification) of mouse colons
stained with H&E. All graphs show mean � the SEM. *, P 
 0.05; **, P 
 0.01;
***, P 
 0.001 (n � 6). The data are representative of at least three repeat
experiments.
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restimulated splenocytes were observed in AcES-treated mice
compared to PBS- or OVA-treated control mice (Fig. 3C). Spleno-
cytes from OVA-injected animals restimulated with OVA did not
produce significantly elevated levels of IL-4, IL-5, or IL-10 (IL-4,
25.34 � 4.49 pg/ml; IL-5, 0.0; IL-10, 302.1 � 151.8 pg/ml). Finally,
no significant differences were noted in the production of either
TNF or IFN-�.

AcES recruits eosinophils and M2 macrophages to the site of
injection. Given the ability of AcES to induce a type 2 cytokine
bias, we explored whether AcES elicits a downstream innate effec-
tor eosinophil and M2 (alternatively activated) macrophage re-
sponse at the site of injection. Mice injected with AcES had signif-
icantly more cells at site of injection than control-treated animals
[(20.33 � 3.69) � 106 versus (4.40 � 0.74) � 106, P � 0.0055].
Flow cytometric analysis revealed that AcES injection resulted in
significantly higher frequencies and total numbers of F4/80� mac-

rophages (P 
 0.001) and Siglec-F� eosinophils (P 
 0.001) in the
peritoneal cavity compared to mice injected with OVA or PBS
(Fig. 3D-3F).

M2 macrophages are associated with suppression of T cell
responses, and anti-parasite responses (25). Therefore, we an-
alyzed the expression of various M2 macrophage markers in
peritoneal cells by reverse transcription-PCR (RT-PCR). Con-
sistent with the macrophages recruited to the peritoneal cavity
after AcES injection being of an M2 macrophage phenotype, we
detected a significant increase (P 
 0.001) in YM1, FIZZ-1, and
Arg-1 expression (Fig. 3G) in cells from mice that were injected
with AcES compared to control groups. Together, these data
indicate that the injection of AcES alone is able to potently
modulate the immune status of mice toward a type 2 cytokine
response, thereby limiting proinflammatory Th1 and Th17 cy-
tokine responses.

FIG 2 AcES reduces levels of proinflammatory cytokines both in the draining lymph nodes and the colon. (A) IFN-� and IL-17A levels in culture supernatants
of polyclonally stimulated MLN cells. (B) Transcription of inducible nitrous oxide synthetase (iNOS), IL-6, IL-17A, and IFN-� by RT-PCR in the colonic tissue
of mice. (C) IL-10 and IL-4 levels in colon lysates. Gray bars indicate control mice, and black bars indicate mice that received AcES. Mice received 3.5% DSS in
drinking water to induce colitis; test groups received AcES i.p. daily. Where not indicated on the graph, the amount of AcES was 25 �g. All graphs show means �
the SEM. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (n � 3 to 6). The data are representative of at least three repeat experiments.
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Denaturation and tryptic digestion of AcES diminished the
induction of Th2 responses. To determine whether the factor(s)
within AcES responsible for inducing type 2 cytokine responses
are of a protein nature, we digested AcES with trypsin, followed by
heat denaturation, a preparation we termed “boiled ES” (bES).

Although the injection of AcES in DSS-treated mice resulted in
characteristic reductions in IFN-� expression and increased IL-4
and IL-10 coexpression by CD4� T cells, bES administration had
a significantly diminished effect (Fig. 4A). Consistent with an im-
paired ability to induce a Th2 cytokine response, bES administra-

FIG 3 AcES induces an antigen-specific type 2 response, as well as a distinct population of IL-4/IL-10 double-positive CD4 T cells. (A) Frequencies of
IFN-�-producing CD4� cells in the peritoneum. (B) Representative flow cytometry plots of intracellular cytokine staining of IL-4 (x axis) and IL-10 (y axis)
production by peritoneal exudate cells, gated on CD4� T cells. (C) ELISAs were performed for IL-4, IL-5, and IL-10 from supernatants of splenocytes
restimulated ex vivo with 10 �g of AcES/ml for 72 h. (D) Number of eosinophils in the peritoneum. (E) Representative flow cytometry plots of peritoneal exudate
cells, showing F4/80 (x axis) versus Siglec-F (y axis). (F) Number of macrophages in the peritoneum. (G) Transcription of M2 markers in peritoneal macrophages.
Mice were injected with PBS, AcES (10 �g), or OVA (10 �g) every second day for a total of 2 weeks. Gray bars represent the PBS vehicle control group, black bars
represent the AcES group, and white bars represent the OVA control group. All graphs show means � the SEM. *, P 
 0.05; ***, P 
 0.001 (n � 5). The data are
representative of at least three repeat experiments.
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tion resulted in a less-pronounced eosinophil response (Fig. 4B)
but still induced significant expansion of macrophages in the peri-
toneum (Fig. 4C). However, the transcription of M2 macrophage
activation markers was significantly reduced in the bES mice (Fig.
4D), suggesting a reduction in alternative activation of macro-
phages in these mice. Similar results to these were seen when bES
was administered to mice in the absence of DSS (data not shown).
Hence, the ability of AcES to induce optimal type 2 cytokine re-
sponses in mice is predominantly due to heat-labile protein factors.

Protein denaturation of AcES abrogates its protective effect
during DSS colitis. To assess whether the impaired ability of bES
to induce a type 2 cytokine bias results in a reduced capacity to
limit disease severity during colitis, we assessed weight loss and
intestinal pathology in DSS-treated mice coadministered either
AcES or bES. Although AcES treatment resulted in less pro-
nounced weight loss than when mice were treated with PBS, mice
injected with bES lost significantly more weight by day 7 than did
mice treated with AcES (Fig. 5A). Histological analysis showed
that bES-treated mice had significant edema and cellular infiltrate
in the submucosa of the colon, whereas the colons of AcES-treated
mice appeared relatively healthy (Fig. 5B). These data demon-
strate that the component(s) of AcES that mediate protection
against DSS-induced colitis is likely a protein.

DISCUSSION

Hookworms have been known survive for more than 10 years in
their human hosts, and their longevity is attributed at least in part
to the exquisitely refined immune-evasive strategies that they have
evolved to ensure their long-term survival and propagation. While
human hookworm infections exhibit some of the hallmark fea-
tures of protective T helper type 2 (Th2) immune responses, in-
cluding IgE and local and systemic eosinophilia, these immune

responses clearly fail to protect most people from reinfection (26–
28). The reason for the observed lack of an effective anti-hook-
worm response remains unknown, although the production of
immunomodulatory ES proteins that skew or dampen immune
responses to promote the long-term survival of the parasite is a
likely contributing factor (29–32). In the present study, we inves-

FIG 4 Denaturation and trypsin digestion of AcES leads to reduced Th2 profile. (A) Frequencies of IFN-�-producing CD4� cells and IL-4� IL-10� CD4 T cells in the
peritoneum. (B) Number of eosinophils present in the peritoneum. (C) Number of macrophages in the peritoneum. (D) Transcription of M2 markers in the peritoneum
measure by RT-PCR. Mice received normal water or a 3.5% DSS solution for a period of 9 days and daily injections of either PBS, 25 �g of AcES, or 25 �g of boiled and
trypsinized AcES (bES). Gray bars represent the PBS vehicle control group, black bars represent the AcES group, and white bars represent the bES group. All graphs show
the mean SEM. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (n � 4 to 6). The data are representative of at least three repeat experiments.

FIG 5 bES fails to protect mice against DSS-induced colitis. Mice received
normal water or a 3.5% DSS solution for a period of 9 days. Mice received daily
injections of either PBS, 25 �g of AcES, or 25 �g of boiled and trypsinized AcES
(bES). (A) Weight loss graph, showing percentage of mean weight lost com-
pared to day 0. (B) Low (�20)- and high (�400)-magnification histological
images of H&E-stained colonic tissue. The data are representative of a mini-
mum of three repeat experiments. Graphs show means � the SEM. *, P 
 0.05;
***, P 
 0.001 (n � 4 to 6).
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tigated the potentially beneficial properties of hookworm ES
products on inflammation and the suppression of pathology as-
sociated with IBD.

Infections with live helminths from phylogenetically distant
groups can protect mice against a range of autoimmune or allergic
diseases (33). A growing body of literature suggests that much of
this protection against inflammation is mediated by soluble mol-
ecules released by the parasites. Some examples include protection
in the dinitrobenzene sulfonic acid (DNBS) model of colitis uti-
lizing soluble somatic extracts from Trichinella spiralis (34) and
Hymenolepis diminuta (35), as well as the use of ES products from
Ancylostoma ceylanicum, a relative of A. caninum, in the DSS
model of colitis (36). Furthermore, AcES and Schistosoma man-
soni somatic proteins alleviated pathology associated with TNBS-
mediated colitis (22). Administration of S. mansoni somatic pro-
teins tended to be associated with reduced colonic transcription of
inflammatory cytokines (IFN-�, IL-12, and IL-17), increased Th2
cytokines (IL-4 and IL-5), and increased regulatory cytokines
(IL-10 and transforming growth factor 	) (22).

In the present study, we show that the administration of AcES
in a mouse model of DSS-induced colitis prevented weight loss
and significantly reduced colon pathology. The treatment of AcES
alone induced a robust type 2 immune response in the draining
lymph nodes and colon of mice, characterized by coexpression of
IL-4 and IL-10 by CD4� T cells. Although it has been shown that
the administration of AcES in a mouse model of TNBS-induced
colitis protected against inflammation, no further characteriza-
tion of the immunological responses were conducted (22). Here
we show that both Th1 and Th17 responses characterizing colitis-
induced inflammation were significantly decreased upon treat-
ment with AcES. TNBS-mediated colitis is largely T cell depen-
dent, whereas DSS colitis is primarily mediated by the innate cell
response (21). The suppression of pathology by AcES in both
models of colitis suggests a role in regulating both innate and
adaptive immune responses. Indeed, we show that AcES affects
elements of the adaptive (expansion of IL-4�IL-10� CD4� T
cells) and innate (expansion of M2 macrophages and eosinophils)
immune responses in both diseased and healthy mice. Although
we did not provide definitive proof that the IL-4/IL-10 double-
positive CD4� T cells were responsible for the suppression of coli-
tis, previous studies have shown that neutralization of both IL-4
and IL-10, but not IL-10 alone, restores IL-17 production in mice
infected with Heligmosomoides polygyrus, suggesting a possible
synergistic role of these cytokines in promoting optimal immuno-
suppressive activity (7).

There are numerous parallels that can be drawn between our
observed effects of AcES on cytokine production in mice and in
previous studies involving experimental human hookworm infec-
tions. In a recent placebo-controlled clinical trial assessing the
therapeutic effect of experimental N. americanus infection on the
immunopathogenesis of celiac disease, hookworms reduced
the systemic and mucosal expression of IL-17A and IFN-�, which
are signature cytokines involved in the pathogenesis of IBD, and
caused elevated Th2 cytokine responses and eosinophilia (7, 37).
We observed a similar immune phenotype in mice injected with
AcES, with reduced production of IL-17A and IFN-� and elevated
levels of type 2 cytokines and eosinophilia.

The ability of AcES to provoke enhanced M2 macrophage re-
sponses could also play a role in the protection against colitis due to
their potential suppressive and wound healing effects (38, 39). In

vitro-derived M2 macrophages can reduce inflammation in dinitro-
benzene sulfonic acid (DNBS)-induced colitis (15), and their num-
bers correlate with remission of Crohn’s disease in humans (15).
Tapeworm extracts can also suppress classical activation of macro-
phages in vitro and suppress DNBS-mediated colitis (35). Moreover,
protection against DSS-induced colitis in schistosome-infected mice
was shown to be macrophage dependent; however, it did not appear
to be due to M2 macrophages (16). Thus, although the suppression of
M1 (inflammatory) macrophage activation and M2 macrophage ac-
tivation may act through separate pathways, macrophages are clearly
pivotal for exacerbation and suppression of colitis. However, dena-
turation of AcES (bES) did not affect recruitment of macrophages but
did ablate the protection against colitis, suggesting that these cell types
are not required for the anti-inflammatory properties of AcES in
DSS-induced colitis. We believe that the transcription of M2 markers
is dependent on IL-4 expression, and thus the reduced numbers of
IL-4 expressing cells in the bES mice leads to reduced expression of
M2 markers.

Finally, the protection induced by AcES in our model of colitis
seemed to be entirely due to protein moieties that are sensitive to
denaturation. AcES is comprised of more than 100 different pro-
teins (40), as well as uncharacterized lipids and carbohydrates.
Our study suggest that the protective properties of AcES is likely
due to one or several protein components and that some of these
are also necessary for the induction of the Th2 response. Ulti-
mately, our goal is to find therapeutic specificities for each of the
identified proteins of interest. However, in order to develop such
molecules as therapeutics for human inflammatory diseases, the
active product(s) first needs to be identified through thorough
testing in animal models of disease. Some excretory molecules
from other helminths, including a protein from Trichinella spiralis
(41), phosphorylcholine from Acanthocheilonema viteae (42), and
a glycan from S. mansoni (43) have already been identified as
potential candidates to treat inflammatory diseases. We anticipate
that AcES will be a reservoir of novel therapeutic targets for treat-
ment of mammalian diseases.

In summary, we present data showing that a protein constitu-
ent of AcES suppresses pathology in a mouse model of IBD, cor-
relating with a reduced inflammatory response in the intestine
and a robust type 2 cytokine response, characterized by a distinct
population of IL-4/IL-10 double-positive CD4� T cells. Future
work will focus on defining the protective mechanisms and the
specific protein components of AcES that are responsible for these
effects. The recent characterization of the AcES proteome using
tandem mass spectrometry will help in the identification of poten-
tial immunosuppressive factors (40). Helminths are masterful im-
munomodulators, and we show here that much of their suppres-
sive capacity lies within their secreted proteins, so it is reasonable
to assume that these organisms are a prime source of novel anti-
inflammatory therapeutics for human diseases.
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